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Abstract — Class E ampliﬁers are known as a switching type
power ampliﬁer and a good candidate for fully integrated CMOS
transceivers which are used for Global System for Mobile Com-
munication and Bluetooth. However, the design of Class E ampli-
ﬁers is difﬁcult, because the passive elements and the device pa-
rameters of CMOSswitch must be optimized sothat theswitching
losses are minimized. In this paper, an optimization procedure of
Class E ampliﬁers is proposed, where all the design parameters
are automatically assigned repeating the SPICE transient analy-
sis. In the numerical examples, the proposed procedure is demon-
strated using the Berkeley SPICE.
1 Introduction
A Class E ampliﬁer is the best choice as the power am-
pliﬁer which is capable of combining a high efﬁciency
(
￿
￿
￿
￿) with a resonant output power (30 dBm) [1].
It is a good candidate for CMOS transceiver, because
the switching type ampliﬁers do not obstruct the con-
stant envelope modulation like Global System for Mo-
bile Communication and Bluetooth. On the other hand,
it is difﬁcult to design a Class E ampliﬁer on an inte-
grated circuit, where the designers have to adjust the
passiveelementsincludingthecircuitandthe device pa-
rameters of transistor in order to minimize the switch-
ing losses. To overcome its difﬁculty, an optimization
procedure based on a technique for analyzing the non-
linear phenomena occurring in circuits is proposed in
[2]. In this method, the Class E ampliﬁers are idealized
by two linear circuits on the on/off state of the transistor
switch and the passive elements are determined so that
the requirements as Class E ampliﬁer are satisﬁed. This
method, however, can not consider the inﬂuences of
semiconductor devices which affect the efﬁciency due
to the idealization of the circuit equations.
In this paper, we propose an optimization procedure
of Class E ampliﬁers. Both the passive elements includ-
ing the circuit and device parameters of the transistor
switch are determined because of use of SPICE. The re-
quirements as Class E ampliﬁer must be constrained on
the steadystate ofthe circuits. Hence, we propose ﬁrst a
numerical method for ﬁnding the steady-state responses
andimplement it onSPICE. Next, themethodis applied
to the optimization of Class E ampliﬁers. In the numer-
ical examples, the proposed procedure is demonstrated
using the Berkeley SPICE.
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2 Finding Steady State Responses on SPICE
2.1 Time-Domain Shooting Method
Consider a general network containing an arbitrary
number of linear/nonlinear components. The MNA for-
mulation of such a network can be written as [4],
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where
￿ is the vector consisting of node voltages, in-
dependent voltage source currents, linear inductor cur-
rents, nonlinear capacitor charges, nonlinear inductor
ﬂuxes, and currents and voltages of nonlinear compo-
nents;
￿ and
￿ are matrices describing the lumped
memory and memoryless elements of the network, re-
spectively;
￿
￿
￿
￿ is a vector consisting of the indepen-
dent voltage/current sources;
￿
￿
￿
￿ is a nonlinear func-
tion matrix which describes the nonlinear elements of
the circuit.
Assuming an independent voltage/current source
with a period
￿, we ﬁnd the steady-state responses of
the circuit written by (1). The steady-state solution is
satisﬁed with
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Hence, ﬁnding the steady state response is reduced to
the nonlinear optimization problem for determining the
initial solution of
￿
￿
￿
￿ with respect to (2).
The Newton Raphson method is applied to solving
this problem [5] as
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Each element of the Jacobian
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is calculated by giving a small perturbation to the initial
values
￿
￿
￿
￿
￿
￿
￿
￿
￿
￿
￿
￿
￿
￿
￿
￿
￿
￿
￿
￿
￿
￿
￿
￿
￿
￿
￿
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a numerical integration algorithm.
Suppose that a small perturbation
￿ is appended to
the initial value
￿
￿
￿
￿
￿ as
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￿
￿. Applying a nu-
merical integration algorithm for solving the the initial
value problem of (1), we calculate the
￿
￿
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￿
￿ element of
the Jacobian as
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where
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￿ is the variation of
￿
￿
￿
￿
￿ after a small
perturbation
￿ is appended to
￿
￿
￿
￿
￿.
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0-7803-9066-0/05/$20.00 ©2005 IEEE2.2 Restricted Steady State Condition
The time-domain shooting method ﬁnds steady state re-
sponses, repeating the transient analysis of a network.
Thus, one may think that this method is easily imple-
mented on SPICE-like simulators. However, the sim-
ulators do not provide us with all informations of the
MNA matrix. Node voltages, inductor currents, capaci-
tor voltages, voltages and currents for the nonlinear ele-
ments are only available for the initial condition and we
can not know the informations of parasitic elements in-
cluding semiconductor device models. Therefore, we
can not implement the time-domain shooting method
without modiﬁcations of SPICE source code. Alterna-
tively, we develop the frame work for ﬁnding the steady
state responses, rewriting the SPICE netlist and repeat-
ing the SPICE transient analysis.
Assume
￿ to be the vector which corresponds to the
node voltages and linear inductor currents of
￿ of (1).
The steady state condition only for the node voltages
and inductor currents is written by
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The shooting method provided in the previous subsec-
tion is carried out to ﬁnd the solution of (5). In a cir-
cuit, memory elements such as inductor and capacitor
are included in the inside and outside of semiconductor
devices. When the voltages and currents of the memory
elements which exist in the outside of devices satisfy
(5), the voltages and currents in the inside of the de-
vices almost reach the steady state. Therefore, we can
obtain the almost steady-state responses using the con-
dition (5), nevertheless (5) is not complete as the steady
state condition for (1).
2.3 Implementation
The shooting method may sometimes fail to converge
into the appropriate solution. To improve the conver-
gence, we use a damping parameter
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If
￿
￿
￿ , then, the iteration (6) is corresponding to the
Newton Raphson method. In our implementation, al-
though a ﬁxed value of
￿ is taken, more sophisticated
determination is presented in [6].
The implementation of our shooting method on
Berkeley SPICE is summarized as:
1. Carry out the operating point and transient analy-
sises. Get the transient responses for
￿
￿
￿ from
the SPICE output ﬁle.
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Figure 1: Topology of basic Class E ampliﬁer.
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Figure 2: Switching voltage of Class E ampliﬁer.
2. Rewrite’.ic’statementforinitialnodevoltagesand
’ic=’ values in linear inductor statements using the
responses for
￿
￿
￿.
3. Add a small perturbation to a node voltage or an
initial linear inductor current.
4. Carry out the transient analysis. Get a column of
the Jacobian (4).
5. Repeat steps 3 and 4 until all the elements of Jaco-
bian are calculated.
6. Carry out the damping Newton method (6).
7. Repeat from steps 3 to 6 until a stopping condition
is satisﬁed.
3 Optimization procedure of Class E Ampliﬁer
The shooting method provided in the previous section
is incorporated into the design of the Class E ampliﬁer
[2]. A topology of basic class E ampliﬁer is shown in
Fig. 1, where the circuit consists of input voltage
￿
￿,
dc-feed inductor
￿
￿, MOS switch
￿, shut capacitor
￿
￿
to the switch, a series resonant circuit composed of in-
ductor
￿
￿ and capacitor
￿
￿, and output resistor R. In
order to attain the high-efﬁciency, all the losses occur
during switching should be minimized, which demands
that the drain-source voltage when the switch closes is
zero. Furthermore, it is necessary that the time deriva-
tive of the switch voltage is also equal to zero at the
switching moment [1]. As a result, the requirements asEb
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Figure 3: CR ampliﬁer, where
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Class E ampliﬁer are obtained by
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Figure 2 shows the typical waveform of the switch volt-
age
￿
￿ of the Class E ampliﬁerin Fig. 1, the switch volt-
age smoothly lands into the ground at
￿ and
￿
￿ with-
out switching losses. To satisfy the requirements (7)
and (8), the design parameters such as the values of the
passive elements and device parameters of the switch
￿
should be adjusted. Further, the requirements must be
fulﬁlled on the steady state. Thus, the restricted steady
state condition (5) is enforced together with (7) and (8).
We also apply the damping Newton method to solv-
ing the composite problem. First, the derivative of the
switching voltage is approximated by the 1-st order dif-
ference1 :
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where
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￿ is the time step size of the numerical
integration.
Appending a small variation
￿ into
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￿, we calcu-
late the elements of Jacobian associated with (7) and
(8), respectively, as
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1Instead of considering the numerical difference, we can evaluate
the current through the capacitor
￿
￿. Then, an independent voltage
source with
￿
￿ is connected to the capacitor in series.
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Figure 4: Steady state responses of CR ampliﬁer ob-
tainedfrom(a)the proposed shooting methodand(b)the
transient analysis with appropriate initial condition,
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in Fig. 3.
On the other hand, assuming
￿ design parameters,
the elements of Jacobian are written by
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If the number of the design parameters is larger than
2, the Jacobian
￿ becomes a rectangular matrix. Then,
we use QR decomposition [7] in each Newton iteration
instead of LU one.
4 Numerical Results
4.1 CR ampliﬁer
To conﬁrm that the proposed shooting method can cap-
ture the initial state which provides the steady state so-
lution, this method was applied to the CR ampliﬁer0 0.5 1 1.5 2
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Figure 5: Voltage waveforms of Class E ampliﬁer,
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s h o w ni nF i g . 3 ,w h e r el e v e l1w a su s e da st h ed e -
vice model. Using NGSPICE [8], which is the latest
version of Berkeley SPICE, we calculated the steady
state responses. Figure 4(a) shows the waveforms ob-
tained from the proposed method. For a comparison,
the transient analysis was carried out until 0.1 [sec.].
We showthe responses from0.998 [sec.] to0.1 [sec.] in
Fig. 4(b). The waveforms obtained from the proposed
method are in agreement with the transient responses
which reach to the steady state.
4.2 Class E ampliﬁer
To design the Class E ampliﬁer shown in Fig. 1, we
deﬁne the following parameters [2]:
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￿, was given, and
# and
$ were selected as the design parameters. The proce-
dure provided in Sect. 3 was applied to this problem,
where the switch
￿ was treated as the ideal switch with
0.16
￿ on-resistor. As a result,
#
￿
￿
￿
￿
￿
￿
￿
￿
￿
￿ and
$
￿
￿
￿
￿
￿
￿
￿
￿
￿
￿were obtained and all passive elements
were determined as follows,
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￿. Figure 5 shows the steady state wave-
forms of the Class E ampliﬁer with these values of pas-
sive elements. We can see that the requirements as
Class E ampliﬁer are satisﬁed since the capacitor volt-
age
￿
￿
￿
￿
￿
￿
￿) and its time derivative are almost zero at
0, 1, and 2 micro seconds.
5 Conclusions
The optimization procedure of Class E ampliﬁers us-
ing SPICE has been proposed. Fist, the time-domain
shooting method for ﬁnding the steady state responses
has been presented and the SPICE netlist based imple-
mentation has been provided. Next, the time-domain
shooting method is incorporated with the design of
Class E ampliﬁers. In the numerical example, it has
been conﬁrmed that the passive components including
in the Class E ampliﬁer can be automatically deter-
mined. Since the proposed method is implemented on
SPICE,thisprocedurecanalsoassignthedeviceparam-
eters. In the future, we will report about the details.
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